There is a critical need for genetic methods for the inducible expression of transgenes in specific cells during development. A promising approach for this is the GeneSwitch GAL4 system of Drosophila. With GeneSwitch GAL4 the expression of upstream activating sequence (UAS) effector lines is controlled by a chimeric GAL4 protein that becomes active in the presence of the steroid RU486 (mifepristone). To improve the utility of this expression system, we performed a large-scale enhancer-trap screen for insertions that yielded nervous system expression. A total of 204 GeneSwitch GAL4 lines with various larval expression patterns in neurons, glia, and/or muscle fibers were identified for chromosomes I-III. All of the retained lines show increased activity when induced with RU486. Many of the lines reveal novel patterns of sensory neurons, interneurons, and glia. There were some tissue-specific differences in background expression, with muscles and glia being more likely to show activity in the absence of the inducing agent. However, .90% of the neuron-specific driver lines showed little or no background activity, making them particularly useful for inducible expression studies.
T ARGETED gene expression is a powerful technique
for analyzing neural development and function in Drosophila. For example, the selective expression of constructs such as modified ion channels, which alter the electrical properties of neurons, can be used to control neural activity (Paradis et al. 2001; White et al. 2001; Nitabach et al. 2002; Mosca et al. 2005; Luan et al. 2006) . However, these constructs often have potent and systemic effects when expressed constitutively, and their effective use requires fine spatial and temporal control of expression. The aim of this study is to develop molecular tools for confining transgene expression to well-defined subsets of neurons, muscle fibers, or glia at specific times during development. We have focused on the larval nervous system of Drosophila as it provides a favorable model system for studying neuronal circuitry and synaptic plasticity.
In Drosophila, several techniques exist that give both temporal and spatial control over gene expression (McGuire et al. 2004 ). Many of these approaches are derived from the widely used bipartite GAL4-upstream activating sequence (UAS) system (Brand and Perrimon 1993) . In this system, the transcriptional activator GAL4 is expressed in a spatially restricted pattern using a tissuespecific promoter. GAL4 then activates the expression of transgenes under UAS control in tissues that express GAL4. While this system provides no independent control over the timing of transgene expression, a number of methods that add temporal control to the GAL4-UAS expression system have now been developed (Han et al. 2000; Osterwalder et al. 2001; Roman et al. 2001; Mcguire et al. 2003) . These either use modified steroidactivated versions of GAL4 to achieve inducible expression or introduce a temperature-sensitive GAL4 repressor (GAL80 ts ) to regulate GAL4 expression. Both of these approaches show significant promise for controlling gene expression in both time and space. Alternative tetracycline-inducible systems have also been developed (Bello et al. 1998; Bieschke et al. 1998; Stebbins and Yin 2001; , but are limited by the small number of tetO-dependent transgenes currently available.
Steroid-activated chimeric GAL4 proteins have been independently developed by three different groups (Han et al. 2000; Osterwalder et al. 2001; Roman et al. 2001) . Each protein combines the GAL4 DNAbinding domain with a steroid hormone receptor transcriptional activation domain, which requires ligand binding to become transcriptionally active. The GAL4-estrogen-receptor fusion protein (GAL4-ER) becomes 1 Deceased.
2 active in the presence of estrogen (Han et al. 2000) , while GAL4-progesterone-receptor fusion proteins (GeneSwitch, here referred to as GeneSwitch GAL4; Figure 1 ) are activated by RU486 (mifepristone) Roman et al. 2001) . Tissue-specific promoters are used to control the spatial expression of GAL4-ER or GeneSwitch GAL4, and the timing of steroid exposure provides ligand-inducible activation of UAS transgenes. The steroid ligand can be administered by either feeding or immersing the animals in a steroid solution. Transgene expression is detectable after 3-5 hr using GeneSwitch GAL4 and maximal expression is reached in 21-48 hr, with a somewhat slower time course being reported for GAL4-ER (Han et al. 2000; Osterwalder et al. 2001; Roman et al. 2001) . Ligand-inducible systems also provide the benefit of being able to control the level of transgene expression by varying the dosage of the steroid ligand ).
An alternative approach uses temperature to regulate GAL4-UAS-mediated gene expression through GAL80 ts , a temperature-sensitive variant of the endogenous GAL4 repressor from Saccharomyces cerevisiae (McGuire et al. 2003) . Ubiquitous expression of GAL80 ts represses GAL4 at 19°, while shifting to 30°derepresses GAL4 and activates expression of downstream transgenes. Tissue specificity is provided by the choice of GAL4 driver. The advantage of the GAL80 ts system is that it can be combined with existing GAL4 drivers and UAS effectors, whereas the GeneSwitch GAL4 and GAL4-ER systems require the creation of new tissue-specific GeneSwitch GAL4 or GAL4-ER driver lines. However, rearing animals at elevated temperatures (28°-29°) has direct effects on larval locomotion and neural activity. The high temperature results in both elevated synaptic transmission and enlarged neuromuscular junctions (Sigrist et al. 2003; Zhong and Wu 2004) , similar to the effects observed in larvae with hyperactivity mutations, such as eag and Sh (Budnik et al. 1990; Zhong et al. 1992; Renger et al. 2000; Sigrist et al. 2003; Mosca et al. 2005) . Elevated temperature has also been shown to alter voltage-gated potassium currents in larval muscles (Chopra and Singh 1994) . For the temporal and spatial regulation of gene expression in larvae, we have therefore focused on the ligand-inducible gene expression systems.
While there are only a limited number of tissuespecific GeneSwitch GAL4 and GAL4-ER lines available, both approaches capitalize on the vast array of existing UAS constructs that can be used for ectopic expression, RNAi knockdown of gene function, or manipulation or reporting of cellular function. To date, GAL4-ER has been successfully tested in oocytes (Han et al. 2000) , while GeneSwitch GAL4 has been expressed using panneuronal, pan-muscle, mushroom body-specific, eyespecific, and ubiquitous promoters Roman et al. 2001; Roman and Davis 2002; Mao et al. 2004; Ford et al. 2007) .
Using an enhancer-detector GeneSwitch GAL4 construct (Roman et al. 2001) , we have conducted a largescale enhancer-trap screen in third instar larvae and the adult head. Here we summarize our results from the larval screen and describe a subset of these lines in detail. From this screen we isolated 204 new GeneSwitch GAL4 driver lines with expression in neurons, glia, and/ or muscle. We report that while all lines show increased activity when induced, muscles and glia are more likely to show uninduced activity than neurons. These inducible driver lines are valuable tools for the developmental and functional analysis of the larval nervous system. -The GeneSwitch GAL4 system. In the absence of an activator (uninduced), the GeneSwitch GAL4 protein is expressed in target tissues but remains transcriptionally silent; no expression of downstream UAS-linked genes therefore occurs. However, after systemic application of RU486 (induced), the binding of the RU486 ligand causes the GeneSwitch GAL4 protein to become transcriptionally active, resulting in expression of UAS-linked genes (shown here as UAS-GFP).
MATERIALS AND METHODS
Fly stocks: All stocks were raised on cornmeal medium at room temperature (22°). GeneSwitch GAL4 enhancerdetector lines were balanced over either wÀ; Sp/CyO; Dr/ Tm6b,Hu or wÀ; Sp/CyO; Dr/Tm3,Sb chromosomes. The dicistronic enhanced green fluorescent protein (UAS-2xEGFP) fly stock contained an insert on both the second and the third chromosome (Halfon et al. 2002) .
P-element mobilization: Several pilot mobilizations of the Xlinked P{Switch2}19-2 element were performed using the TMS, Sb, D2-3 balancer chromosome as a transposase source. Two new insertions were identified on the CyO balancer chromosome from these screens and these were used for large-scale screening. For the enhancer-detector screen, single males of the genotype w 1118 ; CyO, P{Switch2}/1; TMS, Sb, D2-3/1 were crossed to multiple virgin w 1118 females in single vials. A total of 4343 independent P{Switch2} insertions were selected as w 1 , non-CyO progeny from 11,453 dysgenic crosses. These new P{Switch2} insertions were used for expression screening in third instar larvae as described here and in the adult head (our unpublished data).
Ru486 induction: Crosses were raised at room temperature on fly food containing RU486 (Sigma, St. Louis). A stock solution of 10 mg/ml RU486 in ethanol was added during fly food preparation to a final concentration of 5 mg/ml. F 1 screen of GeneSwitch GAL4 enhancer-detector lines: Expression was monitored by crossing males from each GeneSwitch GAL4 insertion to virgin females from the UAS2xEGFP fly stock. Each cross was raised on food containing 5 mg/ml RU486 and the F 1 progeny were examined as third instar larvae. For the primary F 1 whole-mount screen seven third instar larvae were examined from each enhancer trap line. Larvae were placed in a drop of glycerol on a coverslip and killed by briefly heating to 70°on a hot plate. The coverslips were then mounted on a microscope slide and examined under fluorescent epiillumination using a 103 0.45 NA planapochromatic objective. For the secondary F 1 screen, four to six filleted larval body wall preparations (Halpern et al. 1991) from each enhancer-trap line retained after the primary screen were examined by whole-field epifluorescence.
Immunohistohemistry: Filleted larval body wall preparations (Halpern et al. 1991) were fixed in 4% paraformaldehye for 1 hr, followed by 4 3 15-min washes in phosphate-buffered saline (0.9% NaCl, 10 mm NaH 2 PO 4 , pH 7.2) containing 0.3% Triton X-100 (TBS), blocked for 1 hr in 1% BSA in TBS, and incubated in primary antibody overnight at 4°. After 4 3 15-min washes in TBS, larvae were incubated in secondary antibody for 4 hr at room temperature, washed 4 3 15 min in TBS, and mounted in antifade (Invitrogen, San Diego). Primary antibodies were Mab1D4 anti-FasII (1:10; Developmental Studies Hybridoma Bank, DSHB), Mab8D12 anti-Repo (1:5; DSHB), rabbit anti-FMRFamide (1:1000; P. H. Taghert), and rabbit anti-eve (1:1000; M. Frasch). Secondary antibodies were purified anti-mouse IgGs labeled either with Alexa 488 , Alexa 568 , or Alexa 647 or with an anti-rabbit IgG labeled with Alexa 568 (Molecular Probes, Eugene, OR), all at 1:500 dilutions. Fillet preps were imaged either by whole-field epifluorescence or by laser-scanning confocal microscopy ½Bio-Rad (Hercules, CA) 1024. Images were compiled using Adobe Photoshop CS.
P-element insertion localization: Genomic DNA was recovered, digested with either HinPI or Sau3A, ligated to Vectorette linkers, and used for nested PCR with primers PF2, PF3, and Vrev1 or Vrev2 as described (Eggert et al. 1998) . The PF2 and PF3 primers recognize sequences within the 31-bp P-elementterminal repeat, while Vrev1 and Vrev2 both recognize the Vectorette linker and are used for Sau3A-and HinPI-digested DNA, respectively. PCR products were recovered from a 1% agarose gel and sent for sequencing using the PF3 primer. The flanking sequences were BLASTed against the Drosophila melanogaster genome on FlyBase (Gelbart et al. 2003) to identify insertion locations.
RESULTS
We screened 3034 GeneSwitch GAL4 enhancerdetector lines for expression in the third instar larvae, using a dicistronic UAS-2xEGFP reporter construct. In the primary screen of F 1 whole-mount larvae, 433 lines (14.3% of the screen) showed detectable expression in neurons of the CNS and/or the PNS, in muscle fibers, or in glia. Each of these positive lines was then rescreened as a dissected fillet preparation. We retained 204 lines (6.7% of the screen) on the basis of consistent, strong, and/or restricted inducible expression patterns. Of these lines, 132 showed expression in neurons, 58 were expressed in glia, and 27 drove expression in muscle. A summary of the tissues in which expression was observed is given in Figure S1 at http://www.genetics.org/supplemental/)
We divided the neuronal drivers into five classes (Table 1) . Lines were classified as motoneuronal if peripheral EGFP expression was detected at neuromuscular junctions (NMJs) and as sensory if only sensory neurons showed expression. Those that labeled CNS cell bodies but showed no detectable peripheral expression were provisionally classified as interneuronal, although some of these lines may also include efferents with expression too weak to reveal their peripheral arbors. The remaining two classes consist of sensory neuron lines that combined expression with motoneurons and/or interneurons.
Widespread larval nervous system expression was observed in 33 lines. These included 7 lines that showed additional glial expression and a further 2 lines that expressed in neurons, glia, and muscle. While 7 of these lines showed strong expression in large subsets of motoneurons, sensory neurons, and interneurons, we did not isolate any truly pan-neuronal drivers. However, a panneuronal GeneSwitch GAL4 driver is available, based on the use of the elav promoter (ELAV-GeneSwitch GAL4; Osterwalder et al. 2001) .
For simplicity we classified glial drivers into one of three categories, on the basis of whether glia showed expression in the periphery, in the CNS, or in both. Each of these categories includes multiple types of glia. However, none of the lines identified in this screen labeled all glial cell types. Insertions that drive expression in muscle were the smallest class recovered. We also found that these lines frequently exhibited far more variability in expression pattern than either glial or neuronal GeneSwitch GAL4 drivers, in the number and/or identity of the muscle fibers labeled and in their level of activity (see below).
GeneSwitch GAL4 insertions with strong levels of expression were found for all tissues examined. This indicates that RU486 can diffuse freely throughout the larva after ingestion and that its availability is not a limiting factor for GeneSwitch GAL4 expression, in accord with previous observations for neuron-and musclespecific GeneSwitch GAL4 drivers . As a rule, the lines with the weakest expression also showed the most variability in their expression pattern.
Patterns of expression in the CNS: The ventral nerve cord and brain of the larval CNS respectively contain $3500 and $1000-2000 embryonically produced neurons (Bossing et al. 1996; Younossi-Hartenstein et al. 1996; Schmidt et al. 1997; Schmid et al. 1999; Urbach and Technau 2003) . These form the functional circuitry of the larval nervous system. In the ventral nerve cord (VNC), each abdominal hemisegment contains $250 local/axonless interneurons, $60 intersegmental interneurons, and $35 motoneurons (Bossing et al. 1996; Schmidt et al. 1997; Schmid et al. 1999) . We identified 116 GeneSwitch GAL4 insertions with expression in VNC cells. Of these, 27 lines labeled intersegmental interneurons, on the basis of the presence of longitudinal intersegmental processes, and 51 lines expressed in motoneurons, as judged by consistent peripheral NMJ expression (see below). In 18 lines expression was observed both in motoneurons and in intersegmental interneurons. The identity of the cells in the remaining GeneSwitch GAL4 lines that show VNC expression has not been determined.
Of the 116 lines that expressed in VNC cells, 53 insertions also expressed either in specific structures or in specific cells within the brain, or in cells throughout the brain. We identified 12 lines that expressed in the mushroom bodies, one of the most prominent structures in the larval brain. An additional 20 lines showed expression patterns limited to specific neurons or clusters of neurons in the brain. We did not recover any insertions that were exclusively expressed in the brain.
To further characterize the expression patterns of selected GeneSwitch GAL4 insertions, lines expressing UAS-2xEGFP were counterstained with anti-Fasciclin II (FasII). The axon tract scaffold labeled by FasII provides three-dimensional positional markers for the larval CNS (Grenningloh et al. 1991; Lin et al. 1994; Landgraf et al. 2003; Nassif et al. 2003) . We also used markers such as anti-FMRF (Schneider et al. 1993 ) and anti-Evenskipped (Patel et al. 1989) to identify cells in which GeneSwitch GAL4 lines are expressed and to provide additional spatial landmarks for describing GeneSwitch GAL4 expression patterns.
Lines GSG1142 and GSG3315-1 both show expression in interneurons but not in motoneurons. GSG1142 is expressed in a small cluster of segmentally repeated lateral VNC cells, including one ventral neuron in each thoracic hemisegment that shows particularly strong expression ( Figure 2A ). Each of these neurons projects to the midline. Counterstaining with anti-FMRF ( Figure  2B ) identified these strongly labeled cells as the neuroendocrine FMRF-positive Tv neurons (Schneider et al. 1993) . Expression also occurs in chordotonal sensory neurons. No motoneuron expression was detected. GSG3315-1 is expressed in a lateral cluster of segmentally repeated VNC cells. Its expression pattern includes intersegmental interneurons, which produce lateral longitudinal processes within the dorsal neuropil ( Figure There is no labeling of motoneurons or sensory neurons.
Within the brain, GSG1802-2 ( Figure 3C ) and GSG5961 ( Figure 3D ) show very restricted expression patterns, while GSG3516 ( Figure 3A ) and GSG6124 ( Figure 3B ) show more widespread expression. Both GSG3516 and GSG6124 label multiple clusters of neurons within the central brain region, while brain expression in GSG1802-2 and GSG5961 is limited to a few cells. GSG5961 is also expressed in the optic lobe primordium (OLP) ( Figure  3D ). Of the lines that show mushroom body expression, GSGB15-1 is exclusively expressed in the mushroom bodies within the brain ( Figure 3F ), while other lines, such as GSG11,194-1 (not shown), label the mushroom bodies and additional cells scattered throughout the brain. GSG6098 labels a single cluster of neurons in addition to the mushroom bodies ( Figure 3E ). These neurons have processes that appear to be associated with the mushroom bodies ( Figure 3E , arrow).
Patterns of expression in motoneurons: There are four types of larval abdominal motoneuron, each of which contacts a specific target muscle or muscle group and can be recognized by its NMJ morphology and physiology ( Johansen et al. 1989; Atwood et al. 1993; Jia et al. 1993; Keshishian et al. 1996) . Every abdominal hemisegment contains $30 type Ib motoneurons, 2-3 type Is motoneurons, and 2 type II motoneurons (Hoang and Chiba 2001) . A single type III motoneuron innervates muscle fiber 12 in segments A2-A5 . The majority of motor axons exit the CNS via the peripheral nerve, which splits into five subbranches (SNa, SNc, ISN, ISNb, and ISNd). A few axons exit via a second nerve, the transverse nerve (TN). Each type Ib motoneuron innervates a single muscle fiber or muscle cleft. Most muscles are also innervated by type Is and type II motoneurons, which contact multiple muscle fibers.
NMJ expression was observed at most/all muscle fibers in 67% of GeneSwitch GAL4 lines with peripheral motoneuron expression (Table 2) . We examined the number of VNC cell bodies labeled to determine if expression was occurring in a few type Is or type II motoneurons, in a large number of type Ib motoneurons, or in a combination of motoneuron types. We focused on the small group of cells at the dorsal midline where larval cell body location has been correlated with muscle fiber innervation (Choi et al. 2004 ). This group comprises one type Is motoneuron (MNISN-Is or RP2), which innervates all dorsal muscles via the intersegmental nerve, and four Ib motoneurons (MN1-Ib, MN14-Ib, MN6/7-Ib, and MN30-Ib), which innervate muscle fibers 1, 14, 6/7, and 30, respectively. GeneSwitch GAL4 lines that showed either panmotoneuron or subtype-specific expression were counterlabeled with anti-Even-skipped (Eve), which is expressed by RP2/ MNISN-Is in the dorsal cluster (Patel et al. 1989) , to confirm motoneuron identity. Anti-FasII, which labels all motoneuron endings, was used as a marker to distinguish NMJ morphology in the periphery (Van Vactor et al. 1993) .
When dorsal midline expression was examined, three lines (GSG1802-2, GSG3516, and GSG5255) labeled type Ib motoneurons but not MNISN-Is, while two lines (GSG3621-1 and GSGB15-1) showed preferential or exclusive expression in MNISN-Is. GSG5961 is expressed in a small cluster of neurons surrounding the esophageal canal (OC) and in the optic lobe primordia (OLP). (E) GSG6098 is expressed in the mushroom bodies (MB) and in a few additional neurons (arrow) with processes that are associated with the mushroom bodies. (F) GSGB15-1 is expressed in the mushroom bodies (MB). VNC, ventral nerve cord. Bar, 100 mm. (not shown). VNC expression is observed in a lateral cluster of cell bodies (Figure 4, M and N) and in chordotonal sensory axons. The cell bodies of the embryonic motoneurons innervating muscles 5, 8, 25, 26, 27 , and 29 also occupy a lateral position in the VNC. GSGB13-7 shows expression in just one motoneuron per hemisegment (Figure 4 , Q-T), which innervates muscle fiber 25 via the TN. There is a single type Ib ending on muscle 25 (Figure 4 , S and T), so this motoneuron supplies the sole innervation to this muscle. The motoneuron in GSGB13-7 occupies a lateral VNC cell body position (Figure 4 , Q and R), similar to the embryonic VT1 motoneuron that innervates mf25 (Gorczyca et al. 1994; Landgraf et al. 1997) , and probably corresponds to VT1. A few additional lateral VNC cells also show expression.
Patterns of expression in sensory neurons: There are three distinct classes of sensory neuron present in the larval abdominal sensory nervous system: external sensory, chordotonal, and multidendritic neurons (DamblyChaudiere and Ghysen 1986; Ghysen et al. 1986; Bodmer et al. 1989) . Each abdominal hemisegment contains 8 chordotonal (ch) neurons, 15 external sensory (es) neurons, and 21 multidendritic (md) neurons. The md neurons include 15 md-da neurons, which are divided into class I/II, class III, and class IV md-da's on the basis of dendritic complexity and epidermal tiling (Grueber et al. 2002) ; 3 md-bd neurons with bipolar dendrites; and 3 md-td neurons, which have dendrites associated with tracheal branches. Sensory neuron expression was observed in 74 GeneSwitch GAL4 lines, with 54% of these lines being expressed in a single class (ch, md, or es) of sensory neuron.
In lines where multiple classes of sensory neuron were detected, expression rarely occurred among groups of neurons that shared a common developmental origin. For example, 25 lines showed expression in ch neurons and a subset of md neurons. Just two ch neurons (vchA and vchB) and two md neurons (the md-td neurons v9td1 and -2) are derived from common precursors (Brewster and Bodmer 1995) , yet 23 lines expressed in md-da or md-bd neurons in conjunction with most or all ch neurons. The remaining 2 lines expressed in v9td neurons and a subset of lch5 neurons. Only six GeneSwitch GAL4 insertions showed expression in es neurons. Of these, lines GSGB62b2-1, GSG125, and GSG5793 expressed in most or all sensory neurons. Both GSGB62b2-1 and GSG125 showed very little expression in other cells. Only one line, GSG2553, showed exclusive expression in es neurons and labeled just two chemosensory neurons in each thoracic hemisegment ( Figure  5, A and B) .
Approximately 85% of lines with sensory neuron expression labeled ch neurons. Of these lines, three were solely expressed in ch neurons. GSG3938 showed strong expression exclusively in all ch neurons (Figure 5, C and D) . While there are no recognized subclasses of ch neuron, functional subdivision within compound ch organs is observed in other invertebrates and is suspected to occur within the larval compound ch organ, lch5 (Merritt and Whitington 1995; Schrader and Merritt 2000) . We identified 12 GeneSwitch GAL4 insertions that expressed in two to five of the eight ch neurons in each hemisegment. However, expression was weak in each line, and the subset of ch neurons that showed expression was variable. For these lines, expression in subsets of ch neurons probably reflects low levels of GeneSwitch GAL4 activity, rather than gene expression in distinct subtypes of ch neurons.
Approximately 85% of GeneSwitch GAL4 insertions with md neuron expression labeled md-da neurons. We identified two lines (GSG734 and GSG5722) that expressed in all md-da neurons, with GSG734 being exclusively expressed in all md-da and md-bd neurons ( Figure 5, E and F) . Five lines showed exclusive or predominant expression in specific subsets of md-da neurons. Lines GSG12-1, GSG3147-1, GSG2935, and GSG2295 expressed in class III and IV md-da neurons. Both GSG3147-1 ( Figure 5 , G and H) and GSG2295 (not shown) exclusively labeled md neurons, while GSG2935 and GSG12-1 also expressed in peripheral glia and in a small number of cells in the brain, respectively (not shown). GSG5961 expressed in just two class I md-da neurons, vpda and ddaE ( Figure 5, I and J). The md-bd neurons, some ch neurons, and a few motoneurons were also labeled. Expression in md-bd or md-td neurons always occurred in conjunction with other sensory neuron expression.
Patterns of expression in muscle: There are 30 muscles in each abdominal segment A2-A7, which form a stereotyped array of longitudinal, oblique, and transverse fibers. The muscles are grouped into internal, external, and superficial muscle layers. We identified 28 GeneSwitch GAL4 lines that expressed in muscles, with 75% showing expression in all muscle fibers. GSG329-1 (Figure 6 , A and B), GSGB94b1-1, and GSGB3b1-3 (not shown) all showed strong pan-muscular expression. The remaining 25% (7 lines) showed preferential or exclusive expression in subsets of muscle fibers, primarily either ventral oblique or transverse muscle fibers. GSG907 labeled ventral oblique muscles 17 and 29 ( Figure 6 , C and D), while GSG8942 showed strong expression in ventral oblique muscle 28 and weak expression in other muscle fibers (not shown). Selective expression in thoracic transverse muscle fibers 18 and 24 was observed in GSG3678 ( Figure 6 , E and F).
Muscle expression frequently occurred in conjunction with expression in other tissues. GeneSwitch GAL4 insertions that labeled muscles showed additional glial expression in 43% of lines and/or neuronal expression in 36% of lines. We found that GeneSwitch GAL4 expression patterns in muscles were frequently more variable than expression patterns in other tissues. While lines that labeled all muscles generally always expressed in all fibers, there were often differences between larvae in the penetrance of expression and/or the level of expression in individual muscle fibers. In lines with preferential or specific GeneSwitch GAL4 expression in groups of muscles, the exact subset of muscle fibers that showed expression frequently varied between larvae and also from segment to segment within an individual larva.
Patterns of expression in glia: In the CNS there are $30 glial cells per abdominal hemisegment (Ito et al. 1995) . These have been grouped into three classes--surface, cortex, and neuropil-on the basis of their position within the CNS. The CNS is also surrounded by a thin sheath of perineurial cells (Ito et al. 1995; Carlson and Hilgers 1998) . Within each peripheral nerve, there are $8-10 large ensheathing glia (also called peripheral glia), which wrap motor and sensory axons. The smaller and more numerous perineurial cells form an outer sheath around each nerve. Glial sheath cells are also associated with peripheral sensory organs.
We identified 61 GeneSwitch GAL4 insertions that expressed in glial cells. Of these, 85% showed expression in CNS glia. Approximately 75% showed expression in glial cells surrounding the CNS, and 13% labeled glial cells at the midline. Expression in nerve-associated glia was observed in 39% of glia cell drivers, and 7% showed expression in sense organ sheath cells. We examined five lines that showed expression in surface glia in greater detail, using anti-Repo as a glial cell marker to confirm glial cell identity (Campbell et al. 1994; Xiong et al. 1994; Alfonso and Jones 2002) . Among these lines, we observed GeneSwitch GAL4 expression in at least two different populations of cells ensheathing the CNS. GSG8302-2 (Figure 7 , A and B), GSG317 (not shown), and GSG1201-2 (Figure 7 , F and G) expressed in a small number of large repo-negative cells that formed a regular array covering the surface of the VNC and in channel glia (not shown). GSG2797 and GSG3285-1 (not shown) both expressed in irregularly shaped repo-positive cells that also covered the surface of the VNC and in cortex glia. We believe the larger outer cells correspond to perineurial cells and the smaller inner glial cells correspond to subperineurial glia (Ito et al. 1995) .
We used a membrane-targeted CD8:GFP reporter construct (Lee and Luo 2001) to examine GeneSwitch GAL4 expression in cross-sections through peripheral nerves in five lines with expression in differing numbers of peripheral nerve glia. Of these, GSG8302-2 (Figure 7 , C-E) and GSG1687 (not shown) expressed only in the outer perineurial cells, while GSG1202-2 (Figure 7 , H-J), GSG2797, and GSG4356 (not shown) showed expression only in ensheathing glia.
Dose-dependent control of transgene expression levels: Using the pan-neuronal ELAV-GeneSwitch GAL4 driver, EGFP reporter protein expression has been demonstrated by Western blot to show dose dependence when larvae are reared on food containing 1.2-12 mg/ml of RU486, with no substantial increase in expression levels being reported for concentrations of 12-120 mg/ml of RU486 . We used a GeneSwitch GAL4 line with strong expression in multidendritic sensory neurons, GSG734, and observed EGFP reporter protein expression after a 24-hr exposure to food containing RU486 concentrations ranging from 0.2 to 10 mg/ml. All multidendritic neurons showed strong expression in cell bodies and in axon terminals at 10 mg/ml, while at 0.2 mg/ml cell body expression was barely detectable and no axon terminal expression was apparent (Figure 8 ). EGFP expression showed dose dependence in cell body expression levels at all concentrations tested from 0.2 to 10 mg/ml, although expression levels in axon terminals were more variable between 1 and 5 mg/ml. We found that the age of the larva affected the level of expression observed after a 24-hr exposure to RU486. Larvae transferred to food containing 0.2-10 mg/ml RU486 as second instars showed brighter expression at each dosage compared to larvae exposed to RU486 as early third instars. These differences likely reflect differences in the amount of food consumed by each larva. More accurate dosing could be achieved by immersing the larva in a solution of the appropriate RU486 concentration. When larvae were reared throughout development on food containing 0.5-10 mg/ml of RU486, no substantial differences in EGFP expression levels were observed by confocal microscopy (not shown). Reduced reporter protein expression resulted from rearing larvae on 0.2 mg/ml of RU486.
RU486-independent activation of GeneSwitch GAL4 in different larval tissues: To determine whether GeneSwitch GAL4 insertions showed activity without induction, each line was crossed to the UAS-2xEGFP reporter on food without RU486. Third instar larvae from each cross were scored for EGFP expression in the absence of RU486 (supplemental Figure S2 at http:// www.genetics.org/supplemental/). In 91% of lines with neuronal GeneSwitch GAL4 expression, little or no detectable EGFP expression occurred in the absence of RU486 (43.3% showed barely detectable levels of expression in a small number of cell bodies and were classified as showing little detectable expression, while no expression was detected at all in 47.3%). Background activity in neuronal GeneSwitch GAL4 lines most frequently occurred in a small number of segmentally repeated VNC cell bodies close to the dorsal midline, even if no expression was apparent at the dorsal midline when RU486 was present. As a control, we examined expression of the UAS-2xEGFP reporter construct alone crossed to wild-type CS flies. No EGFP expression was detected at the VNC dorsal midline or anywhere else in the larva (not shown).
While 61.7% of lines that expressed in glia showed little or no detectable EGFP expression in the absence of RU486, 23.6% showed moderate levels of expression in part of the induced expression pattern with 14.7% showing widespread background expression. A total of 55.6% of lines that expressed in muscle showed Figure 6 .-GeneSwitch GAL4 lines with expression in muscles. Each GeneSwitch GAL4 expression pattern was visualized using UAS-2xEGFP (green) and stained with rhodamine phalloidin (red), which labels all muscle fibers. (A and B) GSG329-1 is expressed in all muscle fibers. (C and D) GSG907 is expressed specifically in muscle fibers 17 and 29. Expression also occurs in peripheral nerve glia. (E and F) GSG3678 is strongly expressed in transverse muscles 18 and 24 in thoracic (T) segments, but not in abdominal (A) segments. Expression is also observed in tendon cells, the epidermal attachment cells at the end of all muscle fibers. Bar, 200 mm. detectable expression without RU486 and showed either moderate expression in a partial expression pattern (16.7%) or strong expression throughout muscles (38.9%). Most lines that showed strong uninduced expression were discarded. There was a correlation between the observed level of uninduced expression and the proportion of the induced expression pattern that showed expression without RU486. Where weak levels of uninduced expression were detected, expression was almost always confined to a small subset of the induced expression pattern. Moderate levels of uninduced expression showed broader expression patterns, while lines with strong expression levels labeled most or all of the cells visible with RU486 induction.
Molecular characterization of GeneSwitch GAL4 insertion sites: We analyzed the genomic sequences surrounding 47 of the GeneSwitch GAL4 insertions (Table 3) . This included virtually all lines shown in detail in this article. Thirty-four of the GeneSwitch GAL4 enhancer-detector elements landed within or adjacent to known or predicted genes. These include genes with known or potential roles in transcriptional or translational regulation, such as transcription factors, microRNAs, and RNA-binding proteins; a number of unknown genes with no ascribed functions; known or predicted enzymes including a GTPase, a protein kinase, and a metalloprotease; a neuropeptide; and a tubulin gene. We found that 12 of these genes have already been described in the literature as having lossor gain-of-function phenotypes that affect some aspect of the nervous system, although only 3 have a described phenotype in the tissue in which GeneSwitch GAL4 expression occurs. GSGB13-7 and GSG4064-1 interrupted pumilio and kuzbanian, respectively. Both genes are known to alter the phenotypic properties of motoneurons (Fambrough et al. 1996; Schweers et al. 2002) , and both insertions are expressed in a subset of motoneurons. The third gene, couch potato (cpo), is expressed in the embryonic PNS (Bellen et al. 1992a,b) . Both GeneSwitch GAL4 insertions that landed in cpo are expressed in sensory neurons. One line, GSG5793, a lethal insert into b-tubulin-56D, is expressed in the mushroom bodies and in all sensory neurons. The endogenous b-tubulin-56D gene is preferentially expressed in the embryonic nervous system (Buttgereit et al. 1991) . However, there are no published nervous system phenotypes associated with b-tubulin-56D due to its embryonic lethality.
In 12 lines the transposon landed between genes, with the nearest annotated gene between 1.1 and 10 kb away. Several of these lines showed very specific expression patterns. For example, GSG2553 is inserted 5.7 kb 59 of the spineless start site and is expressed in just two es neurons per thoracic hemisegment. Restricted GeneSwitch GAL4 expression patterns were also seen when transposons landed in or near a gene. GSGB13-7 landed in pumilio and shows expression in a single motoneuron that innervates mf25.
Of the lines analyzed, two insertions landed in the 59 regulatory region of RluA-1, a predicted diaminohydroxyphosphoribosylaminopyrimidine deaminase. Both GSG734 and GSG2935 insertions are within 125 bp of the RluA-1 start site, with insertion sites that differ by just 4 bp, and both are expressed in md neurons. Interestingly, they show overlapping but not identical patterns of expression. While GSG734 is expressed in all md neurons, GSG2935 shows expression in a subset of md neurons and in peripheral nerve glia. Similarly, GSGB62b2-1 and GSGB38b3-2 both have insertions in the same hotspot in the second intron of cpo, and both are expressed in sensory neurons. GSGB62b2-1 is expressed in all sensory neurons (md, ch, and es), while GSGB38b3-2 is expressed by a subset of sensory neurons (ch and md). This is in accord with previous analysis of multiple pLacZ insertions within a single promoter region, which showed that, while there are slight variations in pattern, the core expression pattern remains relatively consistent between different insertion lines (Han et al. 1996) .
DISCUSSION
In this article we describe an enhancer-detector screen for GeneSwitch GAL4 lines that show inducible expression in specific subsets of larval nervous system cells. We found that 71% of GeneSwitch GAL4 lines showed expression in at least one tissue, excluding salivary glands, with $15% showing expression in the larval nervous system and/or musculature and $7% showing more specific expression in neurons, glia, and/ or muscle. This is comparable to embryonic enhancerdetector screens using pLacZ, which report expression in $65% of lines, with 5-10% of those lines having more specific expression patterns that provide useful cell or tissue markers (Bellen et al. 1989; Bier et al. 1989; Hartenstein and Jan 1992) . Likewise, GAL4 enhancerdetector screens report larval nervous system expression in $20-30% of lines (Gustafson and Boulianne 1996; Manseau et al. 1997) .
In contrast, a screen of .6000 pLacZ enhancerdetector lines in the adult brain reported CNS expression in .80% of lines examined, with 15% being selectively expressed in subsets of neurons (Han et al. 1996) . If both GeneSwitch GAL4 and pLacZ enhancer detectors reflect the activity of nearby genes, then the difference in CNS expression between the two stages suggests that many more genes are expressed in the adult CNS than in the larval CNS. The brain increases in Figure 8 .-Transgene expression level can be controlled by varying RU486 concentration. GSG734 drives expression in multidendritic sensory neurons. Z-projections of confocal sections of peripheral cell body expression (left) and sensory axon expression in the VNC (right) in L3 larvae are shown. Expression was visualized after a 24-hr exposure to varying concentrations of RU486 using a UAS-2xEGFP reporter gene. (A and B) After a 24-hr exposure to 10 mg/ml RU486 strong expression is visible in peripheral cell bodies (A) and in axon terminals in the VNC (B). (C and D) At 5 mg/ml, strong expression is observed in cell bodies (C), with weaker axonal expression (D). (E-H) Peripheral cell body expression is variable at 2 mg/ml (E) and 1 mg/ml (G), although some cells show strong expression. Axon expression is also variable (F and H). (I and J) At 0.5 mg/ml weak cell body expression is visible (I), and axon expression is barely detectable ( J). (K and L) At 0.2 mg/ml, cell body expression is barely detectable (K, arrows) and no axon expression is observed (L). Bar, 50 mm. Mutation causes neuronal hyperexcitability (Schweers et al. 2002) , affects long-term memory (Dubnau et al. 2003) , and affects dendrite morphogenesis and NMJ morphology (Menon et al. 2004; Ye et al. 2004) . size from $2000 neurons to 100,000 neurons in the transition from larva to adult and is required to generate increasingly complex behaviors such as courtship and flight. One might therefore expect the adult brain to require more genes to be expressed. It is also possible that the lower incidence of CNS expression in GeneSwitch GAL4 lines arises from differences between the P-element constructs.
The aim of this screen is to provide useful tools for inducible expression in specific cells or tissues within the larval nervous system. In addition to identifying strains with useful expression patterns, we also determined how much basal transcriptional activity each line possessed without RU486. All GeneSwitch GAL4 lines showed an increase in expression upon application of RU486, with little or no detectable reporter gene expression in the absence of RU486 in 82% of lines. We found tissue-specific differences in the likelihood of GeneSwitch GAL4 activity in the absence of RU468, with little or no uninduced expression observed in 91% of neuronal lines and in 61.7% of glial lines. However, significant uninduced expression was observed in more than half of lines that expressed in muscles. This has also been reported when the myosin heavy chain (MHC) promoter is used to express GeneSwitch GAL4 specifically in muscles . With this construct, expression occurred during late third instar in the absence of the inducer. By contrast, a pan-neuronal ELAV-GeneSwitch GAL4 construct gave little uninduced expression. This suggests that RU486-independent activation of GeneSwitch GAL4 frequently occurs in third instar muscle fibers and, to a lesser degree, in glial cells, but only rarely occurs in neurons. In the adult, a screen of several hundred GeneSwitch GAL4 insertions reported little or no expression in the absence of the ligand (Roman et al. 2001) . The uninduced activity may be therefore both stage and tissue specific.
One possibility is that an alternative ligand present in some third instar larval tissues can activate GeneSwitch GAL4. GeneSwitch GAL4 contains the ligand-binding domain of the human progesterone receptor, a nuclear steroid hormone receptor. There are no orthologs of the nuclear steroid hormone receptors in Drosophila (Maglich et al. 2001) . The most closely related nuclear receptors present in Drosophila are the estrogenrelated receptors (ERR), and ERR ligands are widely available during mid-third instar (Palanker et al. 2006) . Although GeneSwitch GAL4 is reported to have very low transcriptional activity in the absence of RU486 (Burcin et al. 1998) , it is also possible that uninduced GeneSwitch GAL4 activity occurs if GeneSwitch GAL4 is present at very high levels. Larval muscles degenerate during metamorphosis, while neurons largely become incorporated into the adult nervous system, and changes in DNA structure and regulation in tissues that undergo histolysis may provide a permissive environment for residual GeneSwitch GAL4 transcriptional activity in the absence of RU486. It should also be noted that, while RU486 causes no obvious phenotypic effects at doses used for activation Roman et al. 2001; Etter et al. 2005; Mosca et al. 2005) , microarray analysis has identified five mRNAs in Drosophila whose expression changes in response to RU486, three of unknown function and two with predicted roles in transmembrane transport (Etter et al. 2005) . These mRNAs may be regulated as part of a general drugresponse mechanism or as steroid hormone-responsive genes that can be activated by RU486.
Ligand-inducible systems like GeneSwitch GAL4 provide an opportunity to control not only the timing of gene expression but also the level of expression, simply by varying the concentration of the ligand. For example, one could select a level of transgene expression that produces a partial genetic rescue, creating a sensitized background for testing genetic interactions. We analyzed EGFP expression levels using confocal microscopy and found that EGFP expression levels showed dose dependence after a 24-hr exposure to different concentrations of RU486 (0.2-10 mg/ml). When larvae were reared throughout development on food containing RU486, concentrations of 0.2 mg/ml of RU486 resulted in limited EGFP expression, while no substantial difference in EGFP expression was observed for concentrations of 0.5-10 mg/ml of RU486. Western blot analysis has previously shown reporter gene induction by ELAVGeneSwitch to be dose dependent from 1.2 to 12 mg/ml of RU486, when larvae are fed RU486 throughout development . The different methods of detection used, confocal fluorescence microscopy or Western blot, partly account for the difference in the ability to detect changes in EGFP levels resulting from continual feeding of RU486 over similar concentration ranges. However, such differences also reflect the different expression levels of the respective GeneSwitch GAL4 drivers used (ELAV-GS and GSG734) and their different expression patterns (pan-neuronal vs. md-neuron specific). To generate low levels of expression and subtle phenotypes with a strong, specific GeneSwitch GAL4 driver, a shorter induction time or a lower dosage (0.2 mg/ml) may be required.
We determined the genomic insertion sites for 47 GeneSwitch GAL4 enhancer-detector lines, including most lines referred to in this article. Information on genomic insertion sites is useful in determining whether there may be unwanted phenotypes associated with a given GeneSwitch GAL4 insertion. In the majority of lines (72%), the P element is inserted into the 59-regulatory region or within an intron of a known or a predicted gene. Approximately 85% landed in hotspots or close to previously documented P-element insertions, while the remaining 15% represent unique insertions. Of these genes, 6% have associated phenotypes affecting the cells showing GeneSwitch GAL4 expression, while a further 21% have associated phenotypes affecting other stages or other cells within the nervous system. However, insertion within or close to a gene with a known phenotype does not mean that those insertions themselves will cause a phenotype. Only 11-13% of all Pelement insertions result in an evident phenotype or lethality (Bellen 1999) . We found that $10% of GeneSwitch GAL4 insertion lines caused lethality, as judged by the lack of viable homozygous adults, consistent with previous enhancer-detector screens.
During the course of the screen we identified several lines with very restricted expression patterns. These included GSGB13-7, which is expressed in a single motoneuron innervating muscle fiber 25, and GSG2553, which is expressed in two external sensory neurons in each thoracic segment. In one, GSGB13-7, the P element was inserted into the third intron of pumilio, while in the other, GSG2553, the closest known or predicted gene to the P-element insertion site is spineless, .5.6 kb away. Although the GeneSwitch GAL4 expression patterns associated with these insertions are limited, both pumilio and spineless are widely expressed throughout the larval nervous system and in the PNS, respectively (Menon et al. 2004; Ye et al. 2004; Kim et al. 2006) . The GSGB13-7 insertion, although within an intron of pumilio, is .10.8 kb away from the pumilio start site. As GSGB13-7 and GSG2553 insertion sites are a considerable distance from a transcriptional start site, both may be less likely to detect all enhancers that regulate the endogenous gene.
While the major goal of this screen was to provide tools for inducible transgene expression in the larval nervous system, enhancer-detector elements were developed to identify novel genes on the basis of their expression pattern, without screening for a mutant phenotype (Casadaban and Cohen 1979; O'Kane et al. 1986; O'Kane and Gehring 1987) . Enhancerdetector elements that land in or near a gene are generally expressed in tissues or cells that express the endogenous gene. We can therefore use the expression pattern of lines that have inserted into or adjacent to unknown genes to provisionally assign neuronal, glial, or muscle expression to these genes. Endogenous genes are frequently more widely expressed than the enhancerdetector element, as shown in the GSGB13-7 insertion into pumilio, and so the function of these unknown genes may not be restricted to the tissues that show GeneSwitch GAL4 expression.
In summary, the lines described in this screen provide new GeneSwitch GAL4 strains for inducible gene expression in specific cells or tissues of the larval nervous system.
